A three-axis short-period seismometer has been operating on the surface of Mars in the Utopia Planitia region since September 4, 1976. During the first 5 months of operation, approximately 640 hours of highquality data, uncontaminated by lander or wind noise, have been obtained. The detection threshold is estimated to be magnitude 3 to about 200 km and about 6.5 for the planet as a whole. No large events have been seen during this period, a result indicating that Mars is less seismically active than earth. Wind is the major source of noise during the day, although the noise level was at or below the sensitivity threshold of the seismometer for most of the night during the early part of the mission. Winds and therefore the seismic background started to intrude into the nighttime hours starting on sol 119 (a sol is a Martian day). The seismic background correlates well with wind velocity and is proportional to the square of the wind velocity, as is appropriate for turbulent flow. The seismic envelope power spectral density is proportional to frequency to the -0.66 to -0.90 power during windy periods. A possible local seismic event was detected on sol 80. No wind data were obtained at the time, so a wind disturbance cannot be rulec! out. However, this event has some unusual characteristics and is similar to local events recorded on earth through a Viking seismometer system. If it is interpreted as a natural seismic event, it has a magnitude of 3 and a distance of 110 km. Preliminary interpretation of later arrivals in the signal suggest a crustal thickness of 15 km at the Utopia Planitia site which is within the range of crustal models derived from the gravity field. More events must be recorded before a firm interpretation can be made of seismicity or crustal structure. One firm conclusion is that the natural background noise on Mars is low and that the wind is the prime noise source. It will be possible to reduce this noise by a factor of 1 O" on future missions by removing the seismometer from the lander, operation of an extremely sensitive seismometer thus being possible on the surface.
INTRODUCTION
Because the primary emphasis on landed Viking science was on biology, organic chemistry, imagery, and meteorology, other areas such as surface chemistry, petrology, and geophysics were mostly relegated to future missions. The exceptions were the inorganic analysis experiment, the magnet experiment, and the seismometer. However, these studies were limited to reconnaissance measurements.
The ultimate goals of a seismic experiment are to determine the dynamics and internal structure of a planet. These are relevant to the composition and evolution of the interior. Before a comprehensive seismic experiment can be considered, however, it is necessary to establish the background noise level of the planet, the level, nature, and location of the seismicity, and the nature of the seismic signals. Estimates of some of these parameters have been obtained by the Viking seismometer. The ultimate goal, however, can only be accomplished with a network of sensitive seismometers deployed so as to minimize artificial sources of noise and wind-induced vibrations.
The Viking seismic experiment design was constrained by strict weight, power, and data allocations and perturbed by the con~icting demands of the-other on-board experiments. The weight constraint precluded an ultrasensitive seismometer of the Apollo class or a broadband seismometer. The original desire to offload the seismometer was sacrificed because of the 'Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125.
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weight and complexity penalty of such an operation; thus an on-board location was dictated that immediately increased the noise level because of lander and wind activity (by at least 3 orders of magnitude). The data constraint required severe data compression using an on-board data processing capability and thus also a weight and power penalty. The most severe constraints on the Viking seismic experiment were limited data allocations and the on-board location of the seismometer. These various constraints and trade-offs led to the design of a short-period three-component seismometer with on-board data compaction and triggering to optimize the data return . The objectives were (I) to characterize the seismic noise environment at the landing sites, (2) to detect local events in the vicinity of the lander, and (3) to detect large e"ents at teleseismic distances.
Under optimal conditions it would also be possible to determine the following: (I) the approximate distance of events by the separation of the various seismic phases, (2) the direction of events with a 180° ambiguity, (3) the attenuation and scattering properties of the crust to determine if the crust is lunarlike or earthlike in these characteristics (which are related to the volatile content), and (4) an estimate of crustal thickness if crustal and reHected phases can be identified. The Viking 1 seismometer failed to uncage, and no useful data were returned. The Viking 2 seismometer, emplaced on the surface of Mars in the Utopia Planitia region, 47.9°N, 225.9°W, successfully uncaged and has been operating nominally since that time [Anderson et al., 1976] .
STATE OF STRESS JN THE MARTIAN INTERIOR
The regional topography of the earth is in approximate isostatic balance, and regions of partial compensation are generally the most seismically active. Except for the nearside mascons the moon is also in equilibrium. Both bodies are seismically active, although the moon is many orders of magnitude less active than the earth. Large areas of Mars seem to Paper number 7S0408.
be only partially compensated [Phillips and Saunders, 1975] and could be seismically active. These are the younger areas which include the Tharsis plateau and the adjacent low areas of Chryse and Amazonis. Stresses implied by lack of compensation and dynamic stresses in the earth and the moon are in the 10-to 100-bar range. Stress drops in earthquakes are also in this range. Laboratory measurements on crustal rocks at modest pressure give short-term strengths of kilobars, but rocks creep at high temperatures at relatively low stress levels. Stresses in the crust of a planet therefore tend to decrease with time unless they are rejuvenated by plate tectonic motions, convective drag, or thermoelastic stresses caused by heating or coo!i.ng. Phillips and Tiernan [1977] argue that the Tharsis gravity anomaly represents a long-wavelength stress supported by the lithosphere or the asthenosphere for 108-109 years, implying stresses in the mantle of 100 bars or stresses in the lithosphere of a few kilobars. They favor at least partial dynamic support of Tharsis by mechanisms such as mantle convection or viscous and thermoelastic stresses associated with magmatic activity. The existence of large stresses in the Tharsis region, at least at the time of formation, is also implied by the pattern of lineaments, including apparent grabens and the great canyon, aligned generally radially with respect to the plateau summit [Blasius and Cutts, 1976] . The depth of compensation of the Martian topography is of the order of 150 km, and about 3 km of Tharsis is presently uncompensated [Phillips and Saunders, 1975] . It is likely that the uncompensated areas of Mars are seismically active, since the stresses are similar or greater than stresses in the earth and moon. This is true whether the planet is striving toward a state of isostatic equilibrium or whether the stresses are being rejuvenated. Most of the seismic activity on earth is associated with plate margins, although moderate to large (but infrequent) earthquakes also occur in plate interiors of both oceanic and continental plates. Plate motions on the moon and Mars are certainly less pronounced than on earth, so we might also expect Mars to be less seismically active than earth. On the other hand, the larger stresses required to support the topography and the gravity field imply the potential for seismic activity even if creep and flow occur. In the earth. and in the laboratory, deformation proceeds by both slow aseismic processes (creep) and rapid seismic processes (earthquakes). The latter dominate at low temperatures such as exist in the lithosphere.
The variations of gravity and topography suggest that the seismicity of Mars is not uniform and that it is likely to be highest near Tharsis and its environs and similar young uncompensated constructs. The Viking 2 lander is approximately 110 ø from Chryse Planitia (VL-1 site) and 25 ø from Elysium M ons. Marsquakes at these locations would have to be quite large to be detected by the Viking 2 seismometer. In summary, we expect Mars to be a tectonically active planet, but the seismicity may be localized. With such broad chemical constraints, mean density (h = 3.96 g/cm'), and moment of inertia factor (C/MR s = 0.365, Reasenberg [1977] ) and under the assumption of a differentiated planet it is possible to trade off the size and density of the core and density of the mantle [Anderson, 1972; Binder and Davis, 1973; Johnston et al., 1974; Johnston and Toksb'z, 1977] .
MODELS FOR THE INTERIOR OF MARS
Most of these models favor an FeO enrichment of the Martian mantle relative to the mantle of the earth. Anderson [1972] concluded that Mars has a total iron content of about 25 wt %, which is significantly less than the iron content of earth, Mercury, or Venus but is close to the total iron content of ordinary and carbonaceous chondrites. The high zero-pressure density of the mantle suggests a relatively high FeO content in the silicates of the Martian mantle. The radius of the core can range from as small as one-third the radius of the planet for an iron core, or a core similar in composition to the earth's core, to more than half the radius of the planet if it is pure FeS. With is quite thin in comparison to the rest of the planet. If the crustal thickness could be determined at a single site and if the density contrast is constant, then we could immediately determine the average crustal thickness of the planet and, for example, the crustal thickness under the Tharsis plateau.
An average crustal thickness of even 30 km would indicate that Mars is an extremely well differentiated planet having a crust/planet mass ratio of over 5 times that for earth. The average thickness would be less if the density contrast were greater. There is evidence that the Martian mantle is denser than the terrestrial mantle [Anderson, 1972] , but there is no direct information on the density of the crust. If ice, water, and hydrated minerals are abundant, then the crustal density may be quite low. On the other hand, a hydrous mantle could result in a well-differentiated planet because of the effect of water on melting temperatures and viscosity. After filtering, the absolute value of the data is then passed through a low-pass filter to obtain the 12.7-s running average of the microseismic level which is in turn sampled at the rate of one sample every 14.85 s on each of the three axes. The digital low-pass filter may be fixed or automatically stepped through each cutoff frequency at the rate of 2 min per step. This autotrigger mode was used during the conjunction period when the total number of Viking science data were limited to those which could be stored on the lander tape recorder during the 44 days of conjunction. This mode is also used in the automatic mission, which is designed to continue lander operations in the event that the ability to load new commands into the lander is lost. The instrument will produce 6170 bits/h in the normal (or background monitoring) mode, 1.47 X 105 bits/h in the event mode, and 1.77 X 106 bits/h when it is operating in the high data rate mode.
The instrument contains dual 2048-bit data buffer memories. Two are necessary so that data flow continues while the full buffer is serviced by the lander. The data are in turn transferred along with engineering and scientific data from other experiments to the lander's magnetic tape recorder. Normally, the data are transmitted by the lander to an orbiter for relay to earth; however, they can be transmitted directly to earth at a much lower data rate. The seismometer will transfer 69 buffers per day if it is operating wholly in the normal mode, 1716 buffers per day in the event mode, and 20,700 buffers per day in the high data rate mode. The number of data buffers that the seismometer transfers each day is controlled by the lander and is part of the overall mission planning. It varies from zero to about 3500 buffers per day but is nominally about 1000-1500 buffers per day. The tape recorder on the lander cannot physically hold more than about 18,000 buffers of seismic data.
Normally, the operating time of the instrument is divided among the three modes so as to maximize the amount of time in the event mode with a sampling of high data rate mode during the quietest part of the sol and for calibration. The normal mode is used only to fill in or when other lander activities would produce exceptional lander vibrations. When the data allocation for the seismometer is more than 1700 buffers, the excess data are recorded in the high data rate It was noted early in the experiment that signal amplitudes were consistently smallest on the Y component (10-20% less than those on X) and largest on the Z component (20-50% greater than those on X) even though the evidence from calibration data showed that the component sensitivities were well matched. In addition, the three components were nearly always in phase, with a high degree of coherence between channels during the brief intervals of high data rate operation in Postlanding imagery revealed that footpad 3 is balanced on a rock. Thus a rocking motion in the direction inferred from seismic data is a reasonable expectation.
A related observation is that wind-induced vibrations of the lander are highest for a given velocity for winds from the east. We would expect that the rocking motion described above would be most easily excited by easterly and westerly winds.
SUMMARY OF OPERATIONS
On earth, operations such as change of gain and filter setting are usually trivial. During the Viking mission, however, these and other operations (such as change in operating mode and trigger levels) had to be planned many days in advance of the actual execution of the command. This advance planning was necessary to avoid conflicts with other experiments on the lander, to insure the safety of the lander, and because commands could be sent to the lander generally only every other day. During the primary mission, covering the first 62 sols, planning of commands to be sent to the lander was divided into 6-day cycles, each cycle covering three command sequences (uplinks) to be sent to the lander. Planning for each cycle started 16 days before the first command uplink was to occur. As the time for a particular uplink approached, the sequence of commands became less flexible, and more justification was required to incorporate a change. With these restrictions each command could be tested before it was executed on the lander, thus insuring against disastrous errors. During the conjunction period when Mars was behind the sun and totally out of communication with the earth (sols 63-108), the lander operated in a reduced mode, executing commands uplinked before conjunction. During the extended mission (sol 109 to the end of the mission), planning cycles cover 2 weeks, and commands are sent to the lander once per week. During the primary mission, data were returned to earth (downlink) once per day, while downlinks during the extended mission average about twice per week.
The seismometer commands are stored in the lander computer together with the time to be spent in each command. When the end of the command sequence is reached, the sequence is restarted automatically. Uplinks need to be sent only to change a command or command sequence. Each command must specify the mode of operation, vertical gain, horizontal gain, filter frequency, trigger state, trigger threshold, calibration state, and time to be spent in this configuration. In addition, the number of buffers to be recorded and the number of commands to be used can be specified. The planning procedures and structure for the lander operation have been described by Lee [1976] . Readers are referred to this paper for a more complete description of the uplink procedures. Although a large amount of time was spent by each team in these planning sessions, the necessity of the system cannot be denied. Table 1 . Periods when the seismometer was inhibited by other experiments have been ignored except for inhibitions due to the relay link and direct link, since these occurred on a regular basis during the primary mission and were generally of short duration.
LANDER NOISES
Since the seismometer is located on top of the lander, it is important to understand all internal sources of noise, the response of the lander to wind, and the effect of the lander on external seismic signals. A catalog of these noise sources and representative signatures of each are given in the microfiche appendix to this report. Noises generated inside the lander are generally of short duration, infrequent, and distinctive in nature and occur at predictable times. There is therefore little likelihood that they would be confused with natural events, but they do complicate data processing, and it has taken considerable effort to identify and catalog them. The internal sources identified are tape drive, X ray, sample dump, antenna tracking, camera motions, operations of the soil sampler, and electrical transients from other •xperiments. The known vibrational frequencies of these activities are in agreement with the frequencies measured by the seismometer. These are generally greater than 4.7 Hz. When the soil sampler arm is in the extended configuration, frequencies of 2-4 Hz are observed, the dominant frequency depending on the extension. The Q of the arm is about 200. Wind-induced vibrations of the lander are also more pronounced when the arm is extended. Fortunately, the arm is usually stowed. Before sample delivery the collector head is usually vibrated at 8.8 or 4.4 Hz for a short period of time. These frequencies are clearly observed by the seismometer at the appropriate times.
There is no firm evidence that any high Q lander resonances of detectability but because the number of small events is undoubtedly much greater than the number of large events.
Magnitude-frequency relationships indicate that for each order of magnitude increase in instrument sensitivity, there will be an order of magnitude increase in number of detected events. An optimal seismic network on Mars therefore could usefully employ magnitude zero events to define the seismicity and internal structure of the planet. There are at least two amplitude peaks (peaks 2 and 3) following the main peak at intervals of 10 s (peak 1 to peak 2) and 9 s (peak 2 to peak 3). One way to explain this pattern is by shear wave reflections in a surface layer. Many investigators have recognized such reflections in interpretation of seismograms and have used them in determination of crustal structure [e.g., Gutenberg, 1944] . If the two-way travel time for a shear wave traveling vertically in a surface layer is taken to equal 9 s and the layer shear wave velocity to equal 3.5 km/s, this interpretation gives a discontinuity at a depth of approximately 16 km beneath the region of landing site 2. The peak amplitude ratios and assumed Q of the layer can be used to calculate the reflection coefficient of the discontinuity. However, further speculation concerning the signal is of little value unless additional signals possessing similar characteristics are In summary, during the first 146 sols of operation of the Viking 2 seismometer, only one event has been detected that might be a local Marsquake. No events that can be interpreted as large teleseismic Marsquakes have been identified with certainty. These conclusions are based on visual inspection of the records. Only limited digital processing has been done to date. It should be pointed out that the seismometer has only been operating at highest gain and in the optimal modes (high data rate or event mode) during quiet periods, uncontaminated by lander activities or winds, for a cumulative total of about 30 days. This is too short a period of time to draw definitive conclusions about the seismicity of Mars. It should also be pointed out again that the seismicity of Mars is likely to be nonuniform both in time and space, as it is on the earth and the moon, and that the Viking 2 landing site is remote from the possibly most active regions of the planet inferred from photogeology and gravity information. To evaluate the level of seismic activity on Mars, it is necessary to analyze the available data, taking into account the operation modes of the instrument. The Marsquake detection capability of the Viking seismograph system has not been uniform throughout this period of observation because of the variability of wind interference, other lander activities, and limited data allocations. The detection capability is highest when the instrument is operated either in the high data rate or event mode, the level of wind-generated noise is less than 1-2 du, and there are no other interfering lander activities. Under these conditions, seismic signals of amplitudes greater than 25 du should easily be identified. These conditions were met for a total of 640 hours during the first 146 sols of operation, or about 18% of the total time of operation.
On the basis of these data the comparative seismicity of Thus with the data collected so far and with the assumptions stated, the seismicity of Mars per unit surface area is less than that of the earth with a probability of 0.95. The additional data that will be collected during the next 2 years clearly will place more definite limits on Martian seismicity. It is also probable, as we discussed earlier, that the seismicity of Mars is not uniformly distributed in space and that the Viking 2 site may be in a relatively aseismic part of the planet.
A comparison of Martian seismicity with lunar seismicity can be made by using the data obtained from the seismometers deployed on the lunar surface during the Apollo mission [Latham et al., 1973] . The four seismic stations that are currently in operation are detecting moonquakes and meteoroid impact signals at a rate of about 2000 per year. The high rate of detection, however, is not due to the high seismicity of the moon but is due primarily to the high sensitivity of the instruments, the low background noise level, and the low attenuation characteristics of the lunar interior. If we assume a Mars Q of 500 and a moon Q of 6000, the attenuation of a seismic wave at a range of 2000 km will be 40 times greater for Mars than for the moon.
If we take these three factors (atmospheric shielding, instrument sensitivity, and attenuation) together, the likelihood of detecting a meteoroid impact on Mars with the Viking seismometers during the planned lifetime of the experiment is extremely small.
IMPLICATIONS FOR FUTURE MISSIONS
The Viking experiment, even though it was highly curtailed by mission priorities and by the inability to uncage the first seismometer, has provided and will continue to provide valuable information for the planning of any future missions to Mars. First, it established that the seismic background noise on Mars due to winds and atmospheric pressure fluctuations is very low. The Viking seismometer, mounted on a relatively compliant spacecraft with a large surface area exposed to winds, could still operate at maximum sensitivity at least half of the time during the nominal mission, a situation that indicated that seismometers with much greater sensitivities can be operated on the planet. Emplaced by penetrators or deployed as small packages, seismometers more sensitive than the Viking instrument by a factor of at least I Q3 can operate on the planet without being affected by typical Martian winds.
Although the data on Martian seismicity are still preliminary, the indications are that Mars is probably less active than the earth. Greater sensitivity is a must for any future seismic instruments on the planet.
Another important consideration is the deployment of a network of instruments. With a well-placed network of five very sensitive Apollo seismographs it was possible to study the moon and determine its structure, even though most moonquakes are very small. A similar approach of deployment of a network of highly sensitive instruments is needed for Mars exploration. Since Mars is a larger planet than the moon and shows much greater geologic and tectonic diversity, both global and regional seismic networks are needed to understand Martian structure and tectonics. It is important that future missions deploy such networks.
